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§Departamento de Química e Farmaćia, FCT, Universidade do Algarve, Campus de Gambelas, 8000 Faro, Portugal
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ABSTRACT: This article reports a combined thermodynamic, spectroscopic, and
computational study on the interactions and structure of binary mixtures of hydrogenated
and ﬂuorinated substances that simultaneously interact through strong hydrogen bonding.
Four binary mixtures of hydrogenated and ﬂuorinated alcohols have been studied, namely,
(ethanol + 2,2,2-triﬂuoroethanol (TFE)), (ethanol + 2,2,3,3,4,4,4-heptaﬂuoro-1-butanol),
(1-butanol (BuOH) + TFE), and (BuOH + 2,2,3,3,4,4,4-heptaﬂuoro-1-butanol). Excess
molar volumes and vibrational spectra of all four binary mixtures have been measured as a
function of composition at 298 K, and molecular dynamics simulations have been
performed. The systems display a complex behavior when compared with mixtures of
hydrogenated alcohols and mixtures of alkanes and perﬂuoroalkanes. The combined
analysis of the results from diﬀerent approaches indicates that this results from a balance
between preferential hydrogen bonding between the hydrogenated and ﬂuorinated
alcohols and the unfavorable dispersion forces between the hydrogenated and ﬂuorinated
chains. As the chain length increases, the contribution of dispersion increases and
overcomes the contribution of H-bonds. In terms of the liquid structure, the simulations suggest the possibility of segregation
between the hydrogenated and ﬂuorinated segments, a hypothesis corroborated by the spectroscopic results. Furthermore, a
quantitative analysis of the infrared spectra reveals that the presence of ﬂuorinated groups induces conformational changes in the
hydrogenated chains from the usually preferred all-trans to more globular arrangements involving gauche conformations.
Conformational rearrangements at the CCOH dihedral angle upon mixing are also disclosed by the spectra.
1. INTRODUCTION
It is well known that mixtures of substances involving
hydrogenated and ﬂuorinated chains, in spite of the apparent
similarity of the components, show an enhanced tendency to
phase separation. Indeed, mixtures of alkanes and perﬂuor-
oalkanes exhibit extensive regions of liquid−liquid immisci-
bility, large positive deviations from Raoult’s law, and large
positive excess properties, such as the excess enthalpy and
volume.
Although a deﬁnitive explanation for this intriguing behavior
is still awaited, it has been generally interpreted as an indication
of weaker than anticipated interactions between hydrocarbons
and ﬂuorocarbons. However, it should be emphasized that
unlike other more common examples of phase separation, for
example, water−alkanes, in the case of hydrocarbons and
ﬂuorocarbons, segregation is the result of a subtle balance
between the relatively weak dispersion forces. Structural factors,
such as the rigidity of ﬂuorinated chains (as opposed to the
characteristic ﬂexibility of hydrogenated chains) and the
incompatibility of cross-sectional diameters of hydrogenated
and ﬂuorinated chains, may also contribute to the observed
behavior.1,2
In much of our previous work, we have been studying the
combined presence of the mutually phobic segments (hydro-
genated and perﬂuorinated) and some form of association,
hoping to clarify how it can aﬀect the structure of the liquid and
induce organization. We have accomplished a systematic study
of perﬂuoroalkylalkanes (PFAA).3−6 These diblock com-
pounds, made of alkyl and perﬂuoroalkyl segments covalently
bonded to form a single chain, display amphiphilic character7,8
and the orientational ordering of smectogenic liquid
crystals.9−11 We have reported a number of properties of the
pure liquid PFAA (density, vapor pressure, viscosity, and
surface tension) and mixtures (partial molar volume in n-
octane, solubility of water, and interfacial tension) as a function
of temperature, pressure, and relative length of the hydro-
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genated and ﬂuorinated segments. The results were interpreted
comparing with equivalent properties of corresponding alkanes,
perﬂuoroalkanes, and their mixtures.
More recently, we have directed our attention to mixtures of
hydrogenated and ﬂuorinated alcohols, in which hydrogen
bonds can be seen as on−oﬀ associative interactions between
the two phobic components. Following the strategy used in the
study of PFAA, the results are interpreted comparing with those
of mixtures of hydrogenated alcohols and mixtures of alkanes
and perﬂuoroalkanes.
In particular, liquid mixtures of 2,2,2-triﬂuoroethanol (TFE)
and ethanol (EtOH) were recently investigated.12 Densities
were measured as a function of composition, temperature, and
pressure, and the corresponding excess volumes, isothermal
compressibilities, and thermal expansivities were calculated.
Atomistic molecular dynamics simulations were also performed.
These were able to reproduce the experimental excess
enthalpies if the F−H dispersive interaction was reduced by
25% and revealed the predominance of a speciﬁc hydrogen
bond between EtOH and TFE. Additionally, we have found
that the reduction of the dispersive interactions has no eﬀect on
the excess volumes. This uncovered that, contrarily to what is
usually assumed, the volume increase found in these systems
cannot be entirely related to weak dispersive interactions
between the hydrogenated and ﬂuorinated segments and
should be connected to the repulsive part of the intermolecular
potential.
It is well known13 that alcohol molecules have the tendency
to form hydrogen bonds sequentially, giving rise to relatively
large ﬂexible O···HO chains zigzagging throughout the bulk
alcohol. The alkyl chains are stored “the best possible way” in
the spaces around the O···HO chains. These can be either
linear or cyclic and their average length can vary considerably.
The result is a rather organized microheterogeneous structure
that reﬂects the diﬃcult balance between optimizing the
formation of H-bonds and packing of the alkyl segments, which
is governed by dispersive and repulsive interactions. The
rotational conformations of the alcohol molecules, namely, at
the CCOH dihedral angle and of the alkyl chain, have a
determining role in all of these interactions. By rotation over
the C−O bond, rotational isomers diﬀering in the orientation
of the OH bond with respect to the C−C−O plane are allowed:
anti (or trans) and gauche (or cis). For EtOH, the anti form is
slightly more stable (0.49 or 2.9 kJ mol−1, depending on the
technique used).14−16 At 25 °C, the proportions were estimated
by both ab initio methods and infrared spectroscopy as 69.7%
(anti) and 30.3% (gauche).17 For TFE, it was shown that the
gauche form prevails,18 due to the repulsion between the
unshared electron pairs of oxygen and ﬂuorine (“gauche
eﬀect”).19 The rotational isomerism equilibria for EtOH and
TFE are schematized in Figure 1. The predominance of gauche
isomers opens the possibility of establishing weak intra-
molecular OH···F hydrogen bonds in the case of TFE.20
Alcohols with longer alkyl chains present additional rotational
conformations (from all-trans to all-gauche) that will result in
diﬀerent three-dimensional packings. In ﬂuorinated chains,
some of the gauche conformers favor intramolecular H-
bonding.
The insertion of ﬂuorinated alcohols in the structure formed
by hydrogenated alcohols is expected to introduce major
constraints, namely, the maximization of one type of H-
bonding between like or unlike molecules and the tendency to
isolate ﬂuorinated from hydrogenated chains.
Valuable information on the nature and strength of H-
bonding, both in the pure components and in binary mixtures,
may be retrieved from the vibrational spectra, namely, from the
spectral regions related to the OH and CF3 groups. The
modiﬁcations in chain conformations induced by the mixture
may also be assessed by the analysis of the spectral regions
related to the CCOH dihedral and the alkyl chain modes of the
components.
This work reports a combined thermodynamic, spectro-
scopic, and computational (molecular dynamics simulations)
study, focusing on the interactions and structure of binary
mixtures of hydrogenated and ﬂuorinated alcohols. Four binary
mixtures have been studied, namely, (EtOH + TFE), (EtOH +
2,2,3,3,4,4,4-heptaﬂuor-1-butanol (HFB)), (1-butanol (BuOH)
+ TFE), and (BuOH + HFB). Excess molar volumes of (EtOH
+ HFB), (BuOH + TFE), and (BuOH + HFB) systems and
infrared spectra of all of the binary mixtures have been
measured as a function of composition, at 298 K, and molecular
dynamics simulations have been performed. The excess molar
volumes obtained for (EtOH + TFE) systems in a previous
work12 were also considered. Comparing the thermodynamic
results with the structural information obtained from the
infrared spectra and the molecular dynamics simulations, it was
possible to clarify the conformational rearrangements and the
intermolecular interactions in the studied mixtures, induced by
ﬂuorination of one component.
2. EXPERIMENTAL SECTION
2.1. Sample Preparation. EtOH, absolute p.a., min. 99.5%
v/v, was obtained from Panreac and BuOH, 99.8%, from
Sigma-Aldrich, and both were kept over 4 Å molecular sieves.
TFE, 99%, supplied by Apollo Scientiﬁc, was distilled over
calcium sulfate and stored in tightly closed bottles under dry
nitrogen, whereas HFB, 98%, also from Apollo Scientiﬁc, was
distilled over potassium sulfate and then stored over 4 Å
molecular sieves. The water content of the alcohols was
checked by Karl Fischer coulometry and did not exceed 300
ppm. The mixtures were prepared by weight, in screw-cap vials,
under a stream of dry nitrogen.
The density results for the pure EtOH, BuOH, and TFE
were compared to the values proposed by Cibulka et al.,21,22
which are based on a critical compilation of literature data. Our
measurements agree within 0.002% for EtOH and 0.3% for
BuOH and TFE. The density of HFB agrees with the results
already obtained by our group within 0.2%.23
Figure 1. Rotational conformers of EtOH and TFE: gauche (C1
symmetry) and anti (Cs symmetry). The arrows suggest the
equilibrium displacements at 25 °C.17,18
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2.2. Excess Volumes. The excess volumes at 298.150 K
were determined by densimetry, using an Anton Paar DMA
5000 vibrating-tube densimeter. The instrument was calibrated
with water (distilled, puriﬁed with a Millipore water puriﬁcation
system and freshly boiled) and air at 293.150 K, taking into
account atmospheric pressure. The calibration was checked
with water over the whole range of operating temperatures, and
the maximum deviation from the literature values was found to
be less than ±0.00002 g cm−3. The air density was veriﬁed at
the beginning of each series of measurements to ensure the
cleanliness of the measurement cell.
2.3. Infrared Spectra. The spectra of the pure components
and their mixtures were obtained in transmission mode, placing
two drops between polished KBr disks. Each spectrum is the
result of ratioing 100 co-added scans of the sample to the same
number of background scans (clean KBr disks). A Mattson
Research Series 1 Fourier transform infrared spectrometer was
used, with a wide band MCT detector (400−4000 cm−1), with
a resolution of 2 cm−1. The spectra are presented in absorbance
units, without baseline correction.
3. MOLECULAR DYNAMICS SIMULATIONS
The behavior of the (hydrogenated + ﬂuorinated) alcohol
mixtures was also studied with molecular dynamics simulations,
using models based on the atomistic optimized potential for
liquid simulations all-atom (OPLS-AA) force ﬁeld.24
All of the necessary potential parameters for EtOH and
BuOH were published in the original OPLS-AA papers,24,25 and
the model for TFE was also developed by the same group.26,27
The model of HFB used in the present work was built by taking
the force-ﬁeld parameters of the (−CF2−CH2−OH) segment
from the model of TFE and those of the perﬂuoroalkyl “tail”
(CF3−CF2−) from the OPLS-AA work on perﬂuoroalkanes;25
the remaining dihedral torsion parameters were taken from the
work of Pad́ua,28 and the partial charge of the carbon atom in
the ﬁrst −CF2− group was adjusted to give the molecule a net
zero charge.
The interactions between diﬀerent Lennard-Jones sites were
calculated using the geometrical mean rule for both size and
energy, according to the OPLS parameterization. The cross-
interaction energy and the cross-interaction diameter between
alkyl hydrogen atoms and perﬂuoroalkyl ﬂuorine atoms were
allowed to depart from the geometrical mean to capture the
weak unlike interactions between hydrogenated and ﬂuorinated
chains and match the experimental excess properties.
The simulations were performed using the DL_POLY
Classic simulation package,29 with systems containing between
300 and 500 total molecules in cubic simulation boxes with
periodic boundary conditions in all directions. The simulations
were started from low-density lattice arrangements of the
molecules and then pre-equilibrated in the NpT (isothermal−
isobaric) ensemble until an approximately constant density was
reached. The systems were then equilibrated for at least 0.5 ns,
followed by a 5 ns production run in the NpT ensemble at 298
K and 1 bar, controlled by the Nose−́Hoover thermostat and
barostat. All bonds involving hydrogen atoms were constrained
to their equilibrium lengths using the SHAKE algorithm, and a
time step of 2 fs was used for the integration of the equations of
motion. The intermolecular interactions were calculated with a
14 Å cutoﬀ, with Ewald sum calculations for the long-range
electrostatics and analytical tail corrections for the dispersion
terms.
The enthalpies (H) of the simulated systems can be obtained
from the deﬁnition
= + +H U K pVcfg (1)
where Ucfg is the conﬁgurational energy, K is the kinetic energy,
p is the pressure, and V is the volume. In an isothermal and
isobaric mixing process, the kinetic energy of mixing is
considered null and the excess enthalpy HE is given by
∑= − +*H U xU pV
i
i i
E cfg cfg E
(2)
where xi is the mole fraction of component i and the asterisk
refers to the conﬁgurational energy of the pure substance. At
the studied pressure of 1 bar, the pVE term can be considered
negligible when compared to the conﬁgurational energies and is
thus neglected. This reasoning allows the identiﬁcation of the
excess enthalpies with the excess conﬁgurational energies and
eliminates the scattering due to the considerable ﬂuctuations in
pressure. The average density values were also obtained from
the simulations and used to calculate the excess volumes of the
studied mixtures.
The simulation trajectories, with atomic coordinates stored at
100 time-step intervals, were further analyzed to obtain
structural information, at both inter- and intra-molecular levels.
Radial distribution functions (rdfs) were obtained directly from
the DL_POLY outputs, and dihedral distribution functions
were calculated with the TRAVIS software.30
The agreement between simulated and experimental results
for the pure components was already shown to be very good for
EtOH and TFE, as a function of temperature (at 5, 25, 45, and
65 °C).12 For BuOH and HFB, the liquid densities at 298.15 K
obtained by simulation (0.800 and 1.603 g cm−3) compare
favorably with the experimental data (0.80987 and 1.59533 g
cm−3).
4. RESULTS AND DISCUSSION
4.1. Excess Molar Volumes. Using the (EtOH + TFE)
mixtures as a starting point, the volumetric behavior of binary
mixtures with increasing length of both the hydrogenated and
ﬂuorinated segments was investigated: (BuOH + TFE), (EtOH
+ HFB), and (BuOH + HFB).
The densities of (EtOH + HFB) and (BuOH + HFB)
mixtures at 298.15 K and of (BuOH + TFE) at 293.15 K were
measured and are presented in Table 1. The corresponding
excess volumes were calculated and are also included in Table 1
and plotted in Figure 2, together with those of (EtOH + TFE)
from previous work.12 In the case of mixtures involving TFE,
our results compare very favorably with those of Sassi and
Atik31 and of Minamihonoki et al.32 As usual, the excess molar
volumes were correlated with Redlich−Kister equations
= + − + −V x x A A x x A x x[ ( ) ( ) ]mE 1 2 0 1 1 2 2 1 2 2 (3)
The coeﬃcients are collected in Table 2.
As can be seen in Figure 2, all four systems display large
positive and fairly symmetrical excess molar volumes, which
increase with the length of both the hydrogenated and
ﬂuorinated chains. For the equimolar mixtures, the excess
volumes correspond to relative increases of the molar volumes
of the order of 1.2, 1.5, 1.6, and 1.8% for (EtOH + TFE),
(BuOH + TFE), (EtOH + HFB), and (BuOH + HFB),
respectively.
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Mixtures of primary hydrogenated alcohols display extremely
small positive excess volumes that slightly increase with the
diﬀerence in chain length (mixtures of n-alkanes mix with
negative excess volumes). Thus, the large positive excess
volumes now reported for mixtures of hydrogenated and
ﬂuorinated alcohols seem to be in line with the behavior of
mixtures of (alkanes + perﬂuoroalkanes). However, for (alkane
+ perﬂuoroalkane) mixtures, the excess volumes increase
slightly with the perﬂuorocarbon chain length but decrease
signiﬁcantly with the size of n-alkane,33 whereas in the present
case, the excess volumes increase with the length of both the
hydrogenated and ﬂuorinated chains. In our opinion, this
reﬂects the less eﬃcient packing of the hydrogenated and
ﬂuorinated segments when constrained by the network of
hydrogen bonds.
The excess volumes calculated from the molecular dynamics
simulations for all of the mixtures are compared with the
experimental values in Figure 2. When a 25% reduction of the
H−F dispersion energy is introduced, the simulated excess
volumes largely underestimate the experimental values,
although correctly predicting relatively large positive excess
volumes for all systems. This indicates that the model is able to
capture the part of the eﬀect resulting from the new hydrogen-
bond structure. The trend is also not well predicted, and the
diﬀerences between the experiment and simulation seem to
increase with chain length (and thus VEm). A couple of
comments should be made about this result.
The inability of the MD simulations to predict the absolute
value of VEm was already noticed for the (EtOH + TFE)
mixture.12 More importantly, we have conﬁrmed that the VEm
predictions are practically unaﬀected by the 25% reduction of
the unlike H−F interaction. This fact can already be observed
in the studies of (alkane + perﬂuoroalkane) mixtures found in
the literature1 but apparently has been overlooked by the
Table 1. Liquid Densities and Excess Molar Volumes of
Mixtures of Hydrogenated and Fluorinated Alcohols at
298.15 K
BuOH + TFE (at 293.15 K) EtOH + HFB
x
(TFE) ρ/g cm−3 VE/cm3 mol−1
x
(HFB) ρ/g cm−3 VE/cm3 mol−1
0 0.80987 0 0 0.78520 0
0.100 0.85298 0.383 0.215 1.06906 1.045
0.199 0.89824 0.641 0.432 1.26613 1.446
0.400 0.99641 1.115 0.593 1.37859 1.422
0.494 1.04702 1.195 0.733 1.46064 1.215
0.601 1.10675 1.267 0.818 1.50529 1.028
0.699 1.16923 1.073 1 1.59533 0
0.800 1.23589 0.917
0.900 1.30941 0.548
1 1.39114 0
HFB + BuOH
x
(HFB) ρ/g cm−3 VE/cm3 mol−1
x
(HFB) ρ/g cm−3 VE/cm3 mol−1
0 0.80595 0 0.486 1.22502 1.972
0.086 0.88938 0.631 0.512 1.24469 1.987
0.120 0.92109 0.793 0.670 1.35912 1.855
0.189 0.98295 1.200 0.780 1.43523 1.604
0.302 1.08014 1.611 0.901 1.51697 1.074
0.305 1.08230 1.606 0.917 1.52786 0.934
0.393 1.15295 1.855 1 1.58806 0
Figure 2. Excess molar volumes of mixtures of hydrogenated and ﬂuorinated alcohols. Filled symbols: experimental results; empty symbols:
simulation results; dashed lines, ξ = 0.75 and η = 1; solid lines, ξ = 0.80 and η = 1.013, 1.020, 1.030, and 1.035, for (EtOH + TFE), (BuOH + TFE),
(EtOH + HFB), and (BuOH + HFB), respectively.
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authors. In our opinion, this is a very relevant result, revealing
that the volume increase when mixing hydrogenated and
ﬂuorinated chains is not entirely related to weak dispersive
interactions and should be connected to the repulsive part of
the intermolecular potential.
Thus, we have tried to bring agreement between the
simulation results and the experimental excess volumes by
introducing a size binary interaction parameter, η, to model the
unlike H−F interaction, in addition to the energy binary
interaction parameter, ξ
σ η σ σ=HF HH FF (4)
ε ξ ε ε=HF HH FF (5)
For the (EtOH + TFE) mixture, simultaneous agreement of
VEm and H
E
m was attained with ξ = 0.80 and η = 1.013. The
same energy binary interaction parameter, ξ, was then used for
all other systems. As expected, very small size corrections are
needed: η = 1.020, 1.030, and 1.035, respectively, for (BuOH +
TFE), (EtOH + HFB), and (BuOH + HFB). The results are
presented in Figure 2. As can be seen, now the simulations not
only reproduce the experimental molar volumes but also
correctly capture the symmetry of the experimental curves.
However, it should be noted that the ﬁtted η values are not
constant for all of the systems but increase with the chain
length of both the hydrogenated and ﬂuorinated segments. In
other words, the correction needed to the repulsive part of the
intermolecular potential is not constant for all of the systems
but increases with chain length. Interestingly, the series seems
to tend to the limiting value of 1.040, which we recently found
to be the value necessary to reproduce the excess volumes and
enthalpies of (alkane + perﬂuoroalkane) mixtures, with the
same energy binary interaction parameter of ξ = 0.80. From
now on, all simulation results presented in this work were
obtained with the new set of energy and size binary interaction
parameters unless stated otherwise.
4.2. Excess Molar Enthalpies. As previously explained, we
have been able to reproduce both the excess enthalpies and
volumes for the (EtOH + TFE) mixture using a couple of
binary interaction parameters, ξ = 0.80 and η = 1.013. For the
equimolar mixture, the simulated excess enthalpy, HEm = −580
J mol−1, compares favorably with the experimental value of
−660 kJ mol−1.32 We have then simulated the excess enthalpies
at 298 K for the remaining three systems, for which no
Table 2. Excess Molar Volumes of Equimolar Mixtures, VE(x = 0.5), of Hydrogenated and Fluorinated Alcohols at 298.15 K and
Redlich−Kister Coeﬃcients
mixture Vm
E (x = 0.5)/cm3 mol−1 A0 A1 A2
EtOH + TFEa 0.81 ± 0.01 3.23 ± 0.06 0.4 ± 0.1 0.4 ± 0.3
BuOH + TFEb 1.20 ± 0.03 4.8 ± 0.1 −1.2 ± 0.1 0.5 ± 0.3
EtOH + HFB 1.45 ± 0.02 5.78 ± 0.08 −0.3 ± 0.1 2.0 ± 0.4
BuOH + HFB 1.95 ± 0.05 7.8 ± 0.2 −2.3 ± 0.2 3.2 ± 0.5
aResults from ref 12. bValues at 293.15 K.
Figure 3. (A) Excess molar enthalpies of mixtures of hydrogenated and ﬂuorinated alcohols at 298.15 K. Colored symbols: simulation results; black
symbols: experimental results from Minamihonoki et al.32 (B) Dispersive and electrostatic contributions to the simulated excess enthalpies.
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experimental data is available, using the same value of ξ = 0.80
and the η values that reproduce the excess volumes of each
individual system. The results are shown in Figure 3a.
The simulation results show that when the chain length of
the hydrogenated alcohol increases from EtOH to BuOH, the
excess enthalpy for mixtures with TFE also increases and
becomes much less negative. An S-shaped curve is obtained,
with a negative and a slightly positive branch. For the equimolar
mixture, HEm = −77 J mol−1. This trend is conﬁrmed by the
experimental data from the literature32 for mixtures of TFE
with methanol, EtOH, and 1-propanol, also included in Figure
3. Using the data from these three systems to predict the excess
enthalpy of (BuOH + TFE), a value of −11 J mol−1 is obtained
for the equimolar mixture, which compares favorably with the
simulation result and adds conﬁdence to the predictions
obtained by the simulations. Increasing the chain length of the
ﬂuorinated alcohol from TFE to HFB results in additional
increase of the excess enthalpy. Both mixtures involving HFB
display positive excess enthalpies: for the equimolar mixtures,
HEm = 560 J mol
−1 for (EtOH + HFB) and HEm = 970 J mol
−1
for (BuOH + HFB).
The separate contributions to the excess enthalpy from
Coulomb and dispersion interactions have been calculated from
the simulations and are plotted for each system, as a function of
composition, in Figure 3B. Coulomb contributions, which
account for hydrogen-bond interactions, are negative for all
systems, whereas dispersion contributions are always positive.
In the case of the (EtOH + TFE) mixture, the Coulomb
contribution is very negative and overcomes dispersion,
resulting in negative excess enthalpies. As the chain length
increases, either of the hydrogenated or ﬂuorinated one, the
Coulomb contribution becomes less negative and the dispersive
contribution becomes more positive. Consequently, the excess
enthalpy gradually increases, becoming less negative and then
positive.
It is interesting to note that mixtures involving TFE display
much more negative Coulomb contributions than those
involving HFB, regardless of the hydrogenated alcohol. As in
the simulations the partial charges of oxygen and hydrogen are
the same in both ﬂuorinated alcohols, this result probably
reﬂects a reduction of hydrogen bonds in HFB mixtures relative
to those in TFE due to steric factors. The diﬀerence in the
electrostatic energies of the systems with TFE and HFB (aprox.
−750 J mol−1) is consistent with the reduction of the total
number of hydrogen bonds observed in Figure 7 for the
equimolar mixture of (BuOH + HFB).
In summary, in the case of the shorter-chain alcohols, the
excess enthalpy is dominated by Coulomb interactions, which
include the new hydrogen bonds between unlike molecules. As
the alcohol chain length grows, the unfavorable hydrogenated−
ﬂuorinated dispersion interactions become progressively
dominant and the mixtures become less exothermic.
4.3. Liquid Structure. A combined study of the infrared
spectra and molecular dynamics simulations (analyzing the
Figure 4. Infrared spectra of the pure components and binary mixtures in the OH and CH stretching region, with the indicated compositions
(normalized at the wavenumber of νOH mode maximum absorption). Systems: A, (EtOH + TFE); B, (EtOH + HFB); C, (BuOH + TFE); and D,
(BuOH + HFB).
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rdfs) was used to provide molecular insight into the
thermodynamic results, in terms of intermolecular interactions
and the structure of the pure alcohols and binary mixtures. The
results obtained from the diﬀerent approaches are not only
consistent but also together allow a much deeper understanding
of the systems under study.
4.3.1. H···OH Intermolecular Interactions. The full infrared
spectra of the pure components and binary mixtures are shown
in Figure S1 (in Supporting Information) and the proposed
band assignments are summarized in Tables S1−S4.34−40
Relevant information on the H−O···H hydrogen bonds may
be retrieved from the OH stretching band. Usually very broad,
this alcohol band is often discussed in terms of spectral
components assigned to diﬀerent H-bonded species.
The infrared spectra in the 2600−3800 cm−1 region of the
pure alcohols and their binary mixtures are compared in Figure
4.
In the spectra of pure alcohols, the broadness of the OH
stretching band (νOH, with maximum in the range of 3330−
3370 cm−1) is indicative of a diversity of H-bonds:41
intermolecular in all of the alcohols and possibly also
intramolecular in the case of ﬂuorinated ones, where they can
be established between the OH and CF3 groups of gauche
conformers, although weaker.42 The band maximum appears at
lower wavenumbers for hydrogenated alcohols when compared
to the corresponding ﬂuorinated ones (∼20 cm−1 for EtOH vs
TFE and ∼30 cm−1 for BuOH vs HFB), which suggests that
the dominant interactions involving the OH groups are
stronger in the former. The presence of ﬂuorine atoms should
enhance the ability of the OH group to form H-bonds by H
donation.43 On the other hand, the bulkier character of ﬂuorine
and the rigidity of ﬂuorinated chains can make the H−O···H
interaction more sterically hindered. In fact, the two smaller
bands at ∼3690 and ∼3630 cm−1 observed in the spectra of
pure TFE and HFB may be related to the presence of less
bonded OH groups (free or only proton acceptors). These
features are not present in the spectra of EtOH and BuOH,
which is also indicative of their higher tendency to establish H-
bonds (both proton donors and proton acceptors).
In the binary mixtures, the νOH band broadens (the full
width at half-height (FWHH) is ∼300 cm−1 for the pure
components and ≥400 cm−1 for the mixtures) more toward
lower wavenumbers and its maximum lies between those of the
pure compounds (Table S1). Hence, the presence of the
second component increases the variety of H-bonds that may
be formed, favoring the stronger ones. Moreover, it seems that
at least some of the new interactions that can be established
upon mixing (cross-interactions between ﬂuorinated and
hydrogenated alcohols) are stronger than those of pure ﬂuids,
weakening the O−H bond and shifting the νOH band to lower
wavenumbers. Possibly, the OH groups of the ﬂuorinated
alcohols, being better hydrogen donors, are able to establish
stronger H-bonds with the hydrogenated alcohols. This eﬀect is
favored for equimolar mixtures, except for the system (BuOH +
TFE), in which the broadening is more pronounced for low
mole fractions of the second component. It is also clear that the
proportion of less bonded OH groups decreases signiﬁcantly
with the increase of the hydrogenated compounds’ content, as
the two small bands in the high-frequency region, observed for
TFE and HFB, lose deﬁnition and intensity.
It was possible to prove, beyond doubt, that the broadening
of the OH stretching band is a consequence of the presence of
a ﬂuorinated component, as in the case of (EtOH + BuOH)
mixtures, this eﬀect is not observed (Figure 5A): the largest
increase in the FWHH is only of 14 cm−1, when EtOH is added
to BuOH.
The stronger cross-hydrogen-bonding in mixtures involving
ﬂuorinated and hydrogenated alcohols is probably the main
reason for the exothermal contribution of the Coulomb forces
to the excess enthalpy observed for all mixtures in the
simulation results. It should be reminded that mixtures of
hydrogenated alcohols with relatively similar chain lengths
exhibit small positive excess enthalpies.
The spectroscopic results are consistent with the rdfs
between the relevant interaction sites, obtained by computer
simulation. The curves corresponding to all four possible O−H
pairs interacting through hydrogen bonds are shown in Figure 6
for the equimolar mixture of the (BuOH + HFB) system. As
before, the simulations were performed aﬀecting the H−F
dispersive interaction with both energy and size binary
interaction parameters, ξ = 0.80 and η = 1.035.
The curve corresponding to hydrogen bonding between the
oxygen atom in BuOH and the hydrogen atom in HFB is much
more intense than the others. The relative intensity of the peaks
follows the diﬀerence of the partial charges assigned to the
interacting atoms: the oxygen atom in BuOH has the highest
Figure 5. Infrared spectra of pure EtOH, BuOH, and their binary mixtures, in the OH stretching region, normalized at the wavenumber of νOH
mode maximum absorption (A) and in the 800−1600 cm−1 region (B).
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negative partial charge, whereas the hydroxyl hydrogen atom in
HFB has the highest positive partial charge. Therefore, the
hydrogen bond between this pair is bound to be stronger. It
should be kept in mind that in this model hydrogen bonds are
eﬀectively included through Coulomb interactions between
partial charges. Interactions are counted as hydrogen bonds for
O−H pairs within 2.67 Å, which corresponds to the ﬁrst
minimum in the rdfs of Figure 6. For the other mixtures,
essentially equivalent results were obtained, including (EtOH +
TFE).12 As the H-bonds between the two unlike molecules are
stronger, their formation can explain the broadening toward
lower wavenumbers of the νOH band observed in the infrared
spectra (Figure 4).
The distribution of hydrogen bonds between each type of
O−H pairs was also calculated as a function of composition for
all of the mixtures. The results are shown in Figure 7 for the
(BuOH + HFB) mixtures, which are again representative of all
other systems. In this ﬁgure, 100% corresponds to a situation in
which a maximum number of hydrogen bonds, 2 per molecule,
would exist. As can be seen, the addition of 20% of ﬂuorinated
alcohol results in a large decrease in the H-bonds between
hydrogenated alcohol molecules, whereas the H-bonds between
ﬂuorinated alcohol molecules become practically inexistent.
Equivalent symmetrical results are found for an addition of 20%
of BuOH to HFB.
For compositions close to the equimolar, the H-bond
between the oxygen of the hydrogenated alcohol and the
hydrogen of the ﬂuorinated alcohol is more abundant. The
predominance of this energetically more favorable interaction is
probably responsible for the exothermic contribution of the
hydrogen-bond network to the excess enthalpy. For other
compositions, the H-bonds between like molecules are
increasingly replaced by cross-interactions as the molar fraction
of the second component increases.
It should be emphasized that these simulation results
(Figures 6 and 7) are consistent with the spectroscopic data
(Figure 4), showing a larger variety of hydrogen-bond
interactions in the mixtures and displaying a higher proportion
of the stronger ones. This eﬀect is clear by the broadening of
the OH stretching mode, mainly to the lower-wavenumber
region, corroborated by the intermolecular rdfs and hydrogen-
bond-distribution calculations.
4.3.2. F···HO Inter- and Intra-Molecular Interactions. In
the 1000−1400 cm−1 spectral region, the bands of the
ﬂuorinated and hydrogenated alcohols have a minimum overlap
and can be analyzed almost independently. As the more
informative bands belong to the ﬂuorinated alcohols, it is
possible to discuss the eﬀect of mixing with EtOH or BuOH.
The infrared spectra of TFE and HFB binary mixtures are
shown in Figure 8, normalized to the maximum absorption in
the corresponding wavenumber range.
The eﬀect on the TFE spectrum induced by the presence of
EtOH or BuOH (Figure 8A,B, respectively) is observed in the
very strong doublet centered at ∼1155 cm−1 (for pure TFE),
assigned to a combined mode of the CF3 stretching (νCF3)
with the COH deformation (δCOH) or the methylene
deformation (δCH2). At low mole fractions of EtOH (or
BuOH), the doublet loses deﬁnition and becomes better
described as a band with a shoulder. Above the equimolar
mixture, it is reduced to a single band with maximum at 1157
cm−1 for the system (EtOH + TFE) and at 1155 cm−1 for
(BuOH + TFE). The band at ∼1090 cm−1, assigned
simultaneously to EtOH (δCH3, δCOH, or νaCCO mode)
and to CH2 wagging mode of TFE (ωCH2), broadens in the
mixtures, apparently due to a new shoulder that appears at
∼1099 cm−1 (Table S1). This may result from modiﬁcations in
intermolecular interactions. In fact, it has been suggested that a
band near 1110 cm−1, called association band, is closely related
to the νOH mode of bonded OH groups.44
The eﬀects induced on the spectrum of HFB by mixing with
EtOH or BuOH (Figure 8C,D) are comparatively more
diﬃcult to discuss because the spectra are much more complex
due to the νCF2 bands and to the small overlap of the νCF
(HFB) and νCO (EtOH and BuOH) modes. The HFB main
bands observed in this region are listed in Table S2. For both
(EtOH + HFB) and (BuOH + HFB) mixtures, there are small
band shifts (Tables S3 and S4), as well as modiﬁcations in the
relative intensities, especially for low molar fractions of the
hydrogenated component (x = 0.2).
The complete analysis of the spectra in Figure 8 was based
on band deconvolution in Voigt components, by a nonlinear
least-squares ﬁtting method, for the pure alcohols and the
mixtures. The deconvolution results are presented in Figures S2
and S5 and Tables S5−S8. The deconvolutions of the HFB
systems are not as reliable as those with TFE, due to the
complex band structure.
Figure 6. Intermolecular rdfs between the oxygen and hydroxyl
hydrogen atoms for the (BuOH + HFB) equimolar mixture.
Figure 7. Hydrogen-bond distribution in the (BuOH + HFB) mixture
as a function of composition, obtained by computer simulation.
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It was found that the doublet of pure TFE centered at ∼1155
cm−1 corresponds actually to the overlapping of two
components, at 1143 and 1171 cm−1, with relative intensities
estimated by the area ratio A1143/A1171 = 0.64. The lower-
wavenumber component is assigned to the molecules involved
in F···HO intermolecular hydrogen bonds, whereas the higher-
wavenumber component is assigned to the molecules involved
in F···HO intramolecular hydrogen bonds, which are probably
weaker due to steric hindrance. For pure HFB, the broad band
between 1150 and 1250 cm−1 was resolved in two CF3-related
components, at 1144 and 1179 cm−1, whose relative intensities
were estimated as A1144/A1179 = 0.39. The component assigned
to the intramolecular F···HO hydrogen bonds (1179 cm−1) is
predominant, suggesting that the relative population of the
chain gauche conformers is signiﬁcant. The evolution of the
splitting between the two components and of their relative
areas for the binary systems as a function of the molar fraction
of the ﬂuorinated alcohol is summarized in Table 3.
Figure 8. Infrared spectra (1000−1250 or 1000−1400 cm−1) of the pure components and binary mixtures: A, (EtOH + TFE); B, (BuOH + TFE);
C, (EtOH + HFB); and D, (BuOH + HFB).
Table 3. Changes in the Doublet of TFE (1143/1171 cm−1) and HFB (1144/1179 cm−1) by Mixing with EtOH and BuOH, as a
Function of the Molar Fraction of the Fluorinated Alcohol, x
xTFE or xHFB 1.00 0.90 0.85 0.80 0.75 0.70 0.50 0.20 0.10
EtOH + TFE
splitting (cm−1)a 28 25 22 20 13
intensity ratiob 0.64 0.87 1.08 1.19 1.97
BuOH + TFE
splitting (cm−1)a 28 27 25 26 20 16
intensity ratiob 0.64 0.83 0.85 1.12 1.24 1.36
EtOH + HFB
splitting (cm−1)c 35 33 30 38 35 36
intensity ratiod 0.39 0.52 0.43 0.46 0.53 0.60
BuOH + HFB
splitting (cm−1)c 35 28 34 37
intensity ratiod 0.39 0.38 0.41 0.28
aν̃max (∼1171 cm−1) − ν̃max (∼1143 cm−1). bA1143/A1171. cν̃max (∼1179 cm−1) − ν̃max (∼1144 cm−1). dA1144/A1179.
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In the case of TFE, the addition of EtOH or BuOH (even in
low mole fractions) results in a decrease of the splitting
between the two components (they shift toward each other)
and an increase of the lower-wavenumber-component con-
tribution. These changes suggest that the stronger intermo-
lecular F···HO hydrogen bonds (responsible for the lower-
wavenumber component) become weaker but the population
of CF3 groups involved increases signiﬁcantly with increasing
EtOH or BuOH) content. We may conclude that in the
mixtures of TFE with EtOH or BuOH the terminal CF3 groups
replace most of their intramolecular and a large part of their
intermolecular H-bonds by F···HO hydrogen bonds between
unlike molecules, which concur with the negative excess
enthalpies.
However, in the case of HFB, the splitting remains
approximately constant and the relative intensities of the two
components vary much less with composition when mixing
with EtOH, suggesting that the CF3 terminal groups of HFB
are less sensitive to the presence of the second component. The
almost constant value obtained for the diﬀerent (BuOH +
HFB) mixtures indicates that the longer alcohols (ﬂuorinated
and hydrogenated) are mutually segregated, which agrees with
the positive excess enthalpies obtained by computer simulation
for this system. In summary, the vibrational modes of CF3
groups are sensitive to diﬀerences in the liquid structures of the
pure alcohols and the binary mixtures, leading to the same
conclusions as those from the enthalpic eﬀects discussed above.
Figure 9 displays the rdfs between the diﬀerent pairs of
terminal carbons (−CH3 and −CF3) for the (BuOH + HFB)
mixture at diﬀerent compositions, obtained using the previous
energy and size binary interaction parameters (ξ = 0.80 and η =
1.035). For comparison, the rdf for the simulation of an
equimolar mixture in which the hydrogen−ﬂuorine interactions
were calculated using the geometric mean rule for both the size
and energy Lennard-Jones parameters, is also shown. As can be
seen, both the CH3−CH3 and CF3−CF3 rdfs signiﬁcantly
increase as the concentration of the second component
increases. The rdf between CH3 and CF3 seems less sensitive
to composition but, as could be expected, become considerably
less intense when the H−F interaction is weakened. These
observations are a clear indication of mutual segregation
between hydrogenated and ﬂuorinated segments, resulting from
weakening of the cross-interaction. It is important to stress that
the eﬀect is practically not observed if no H−F binary
interaction parameters are used (ξ = 1 and η = 1).
Globally, the analysis of the rdfs suggests that the
hydrogenated + ﬂuorinated n-butanols’ binary mixtures can
be regarded as nanostructured: a O···HO network of hydrogen
Figure 9. Intermolecular rdfs between the terminal carbon atoms (CH3 or CF3) for (BuOH + HFB) mixtures at diﬀerent compositions, from
molecular dynamics simulations. As before, binary interaction parameters (ξ = 0.80 and η = 1.035) were used to weaken the H−F dispersive
interaction. For comparison, results without this reduction (ξ = 1 and η = 1) are also shown for the equimolar mixture (dashed lines).
Figure 10. MD simulation snapshot of an equimolar mixture of (BuOH + HFB). (A) blue chains, BuOH; green chains, HFB; OH groups in red and
white; atomic diameters were slightly reduced to better visualize the O···OH network; (B) BuOH and HFB chains are represented in a wireframe
model to allow visualization of the O···OH network.
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bonds formed between the hydroxyl headgroups, surrounded
by the carbon chain tails, which, in turn, segregate into
hydrogenated and ﬂuorinated domains. This structure is
illustrated in Figure 10, in which a molecular dynamics
simulation snapshot obtained for an equimolar mixture of
(BuOH + HFB) is shown. In Figure 10A, the hydrogenated and
ﬂuorinated chains have been colored diﬀerently, blue and green,
respectively, to visually emphasize the possible segregation
between the two types of chains. In Figure 10B, the alkyl and
perﬂuoroalkyl chains are represented with a wireframe model to
accentuate the existence of the O···HO network, which is easily
visible.
4.3.3. Alkyl Chain Conformations. Diﬀerent approaches
were followed to retrieve information on the alkyl chain of
BuOH, which may be crucial for the structure of the binary
mixtures.
Using the infrared data, in particular the region 1000−1400
cm−1 (Figures 5B and 8B,D), the trans−gauche alkyl chain
equilibrium, due to rotation over the C1−C2 and C2−C3
bonds,37 was analyzed. For pure BuOH, it has been proposed
that the bands at 1115, 1072, and 1060 cm−1 (assigned to in
plane rocking of CH3 (ρCH3), CCO, and CC stretching
modes, respectively) are correlated to the all-trans (TTt) alkyl
chain conformer, whereas several calculated modes at 1100−
1107 cm−1 (assigned to CO, CC stretching, and COH
deformation modes) are related to the conformers with gauche
rotations, namely, TGt or TGg.37 In the present work, the latter
are not clearly identiﬁed in the BuOH spectrum. However, a
component at ∼1102 cm−1, retrieved by deconvolution, can
correspond to overlapping modes of conformers with one or
more gauche rotations (Tables S6 and S8). Therefore, an
estimate of the proportion of BuOH all-trans conformers may
be obtained from the ratio of the components’ areas, A =
[ΣA(TTt)/ΣA(all conformers)]. This proportion is shown in Figure
11 as a function of the second component mole fraction. From
the spectroscopic data, these equilibrium changes are discussed,
taking into account the observed relative intensities of the
bands exclusively related to the all-trans conformer. The
overlapping of the components related to one or more gauche
rotations (namely, TGt or TGg) inhibits an independent
assessment of the gauche conformers.
For the mixture (BuOH + TFE), the proportion of the TTt
conformer decreases as the mole fraction of TFE increases
(from ∼93 to ∼55% at xTFE = 0.9). The displacement of the
conformational equilibrium of the BuOH alkyl chain could be
either related to the diﬀerent alkyl chain lengths of the two
alcohols or a consequence of the presence of the ﬂuorinated
chains of TFE. This was elucidated by a similar analysis of the
system (BuOH + EtOH), also included in Figure 11. As no
signiﬁcant changes in the spectrum are observed and the TTt %
is almost constant, the presence of the ﬂuorinated component
is clearly the cause for the increase of conformers with gauche
rotations: once in the presence of a ﬂuorinated environment,
BuOH tends to adopt a more globular conformation, to reduce
the contact between two dissimilar chains. These results are in
agreement with the existence of the above-mentioned
unfavorable interactions between hydrogenated and ﬂuorinated
segments. The lesser inﬂuence of the longer ﬂuorinated alcohol
seems to conﬁrm the hypothesis of segregation already
suggested by the simulations and the analysis of the CF3
spectral region. On HFB, no spectral information is available
in the literature on the ﬂuoroalkyl conformations.
The molecular dynamics trajectories obtained by simulation
were also used to analyze the conformational changes arising on
mixing, by calculating the intramolecular dihedral distribution
functions, that is, the probability distribution of rotational
conformers around a given bond, as a function of the dihedral
angle. Contrarily to the spectral analysis, the rotations over
C1−C2 and C2−C3 may be individualized. However, it should
be kept in mind that in the simulations intramolecular terms,
such as vibrations and dihedral rotations, are described by
invariant expressions, typically developed from ab initio
methods for isolated molecules. The ﬁnal distribution of
conformers reﬂects the balance of Coulomb and dispersion
interactions (and thus the organization of the ﬂuid)
conditioned by the invariant conformational potential.
The trans/gauche conformational equilibrium of the CCCC
dihedral angle of BuOH (corresponding to the rotation around
the C2−C3 bond) is represented in Figure 12A as a function of
the concentration of ﬂuorinated alcohol in the mixtures. As can
be seen, the trans conformer is predominant (only very small
peaks are observed for the gauche conﬁgurations), independent
of the composition of the mixtures. For the CCCO dihedral
angle (Figure 12B), for pure BuOH, the trans conformer now
accounts for less than 50% of the total, and this proportion
slightly decreases with the addition of both ﬂuorinated alcohols.
The eﬀect is more pronounced for mixtures with TFE. These
results qualitatively agree with the spectroscopic observations.
The eﬀects of mixing on the conformational equilibrium of
HFB are presented in Figure 12C,D for CCCC and CCCO
dihedral angles, respectively. There is a striking diﬀerence
between the dominant conformations of pure HFB and BuOH,
as predicted by the simulations: the CCCC dihedral is now
predominantly gauche (∼66%), whereas the CCCO dihedral is
essentially trans (95%). The preferential gauche conformation
of the CCCC dihedral is probably stabilized by an intra-
molecular interaction between a ﬂuorine atom of the CF3 group
and a hydrogen atom of the CH2 group. Mixing hydrogenated
alcohols with HFB has qualitatively the same eﬀects as mixing
ﬂuorinated alcohols in BuOH: there is no change in the CCCC
conformations, whereas the proportion of the CCCO trans
conformer slightly decreases as the concentration of the
Figure 11. Inﬂuence of the second component on the distribution of
the rotational conformers of the BuOH alkyl chains: EtOH (red), TFE
(black), and HFB (blue). TTt % estimated as 100 × (A1114 + A1073 +
A1060)/(A1114 + A1073 + A1060 + A1102).
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hydrogenated alcohol increases. The results shown in Figure 12
were obtained using binary interaction parameters (ξ = 0.80
and η = 1.035) to model the H−F dispersive interaction,
although they are indistinguishable from those obtained
without the introduction of binary interaction parameters.
4.3.4. CCOH Dihedral Angle. The rotational isomerism of
alcohols involving the orientation of the OH group with respect
to the C−C−O plane (anti and gauche conformations) and
their equilibria can be related to infrared bands.14 For EtOH,
the νsCCO mode is a doublet, in which the weaker higher-
wavenumber component is assigned to the gauche form.45 For
TFE, more than one mode was assigned to anti or gauche
conformers,18,46 the νCO being one of them. For longer
alcohols, such as BuOH, the νCO mode is also sensitive to the
conformation at the CCOH dihedral. It also has two
components, but the higher-wavenumber one correlates with
the anti conformer.40 This spectral information is contained in
the 800−1000 cm−1 region. The spectra of pure alcohols are
compared to those of the binary mixtures in Figure 13.
For EtOH and TFE, the areas retrieved from the spectral
deconvolution (Table S9) were used to estimate the percentage
of the anti conformer from the ratio anti % = 100 × Aanti/(Aanti
+ Agauche). The predominance of the anti conformer in EtOH
(∼72%) and of the gauche conformer in TFE (∼64%) is
obvious and in good agreement with the literature.17,20
The spectrum of pure BuOH is more complex in this region.
The percentage of the anti conformer (estimated as for the
shorter alcohols, Table S10) is 42%, which indicates a higher
stability of the gauche form, contrarily to that observed in
EtOH. In the case of pure HFB, the areas of the peaks (Table
S11) point to 40% of the anti conformer.
In short, the infrared spectra show that for the pure alcohols,
the CCOH conformational equilibrium favors gauche con-
formers, except for EtOH. Moreover, there is a general
tendency toward a decrease of the anti percentage with
ﬂuorination.
In the (EtOH + TFE) binary mixtures (Figure 13A), small
band shifts are observed in the bands correlated with the
C−C−O and C−O stretching modes of both alcohols,
suggesting that some change in the orientation of the OH
bond with respect to the C−C−O plane occurs by mixing. The
spectra of (BuOH + TFE) mixtures are more diﬃcult to
analyze (Figure 13B) because of the band overlap of the two
molecules. Nevertheless, it is clear that they are not just a sum
of the pure components’ spectra: diﬀerences in position and
band shape are suggested instead. The same is true in terms of
band overlapping for the mixtures of EtOH and BuOH with
HFB (Figure 13C,D).
The eﬀects of the second molecule on the anti−gauche
equilibrium at the CCOH dihedral angle for each alcohol were
analyzed from the results obtained by band deconvolution
(Figures S4 and S5 and Tables S9−S13). The evolution of the
relative population of the anti conformers as a function of the
ﬂuorinated alcohol molar fraction is represented in Figure 14
Figure 12. Percentage of trans conformer obtained by MD simulations for the C−C−C−C and C−C−C−O dihedrals for BuOH (mixed with
ﬂuorinated alcohols) and HFB (mixed with hydrogenated alcohols), as a function of the ﬂuorinated alcohol mole fraction. The insets show the
examples of the dihedral distribution functions, which represent the probability distribution as a function of the dihedral angle.
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for all of the systems analyzed. The analysis of the (EtOH +
BuOH) mixtures (Figure 14A and Table S13) evidences that
mixing alcohols with diﬀerent hydrogenated alkyl chains does
not induce signiﬁcant changes in the preferential orientation of
the OH group. This conﬁrms that any changes are due to the
presence of a ﬂuorinated molecule.
In the case of the binary mixtures containing EtOH and a
ﬂuorinated alcohol (Figure 14B), a small fraction of the second
component shifts the conformational equilibrium of both
components toward the anti conformer. This eﬀect is more
pronounced for EtOH, as a small amount of any of the
ﬂuorinated components induces a shift toward ∼100% of anti
conformer. Correlating this information with that obtained
from deconvolution of the νCF3 region (1230−1000 cm−1) and
from the νOH components at higher wavenumbers, we may
propose that as EtOH is added to TFE or HFB part of the
intramolecular OH···F bonds tend to be replaced by stronger
Figure 13. Infrared spectra (800−1000 cm−1) of pure components and binary mixtures: A, (EtOH + TFE); B, (BuOH + TFE); C, (EtOH + HFB);
and D, (BuOH + HFB). The spectra were normalized at ∼950 cm−1 for ﬂuorinated alcohols and mixtures and at the wavenumber of maximum
absorption for pure hydrogenated alcohols.
Figure 14. Relative populations of anti conformers of each component in all of the mixtures analyzed: A, (EtOH + BuOH); B, (EtOH + TFE) and
(EtOH + HFB); and C, (BuOH + TFE) and (BuOH + HFB).
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OH···O intermolecular bonds with EtOH, inducing the
observed conformational redistribution toward anti conformers.
The behavior of the (BuOH + TFE) mixtures (Figure 14C
and Table S10) is qualitatively similar to that of (EtOH + TFE)
regarding the hydrogenated alcohol as the proportion of anti
conformers increases with TFE content; however, unlike
EtOH, it is more gradual and never reaches 100%. The trend
of the anti conformers of TFE is rather diﬀerent: when a small
amount of BuOH is added, their proportion decreases, and this
tendency inverts for contents of BuOH above ∼0.3 mole
fraction.
The system (BuOH + HFB) follows similar trends observed
from either end of the diagram (Figure 14C and Tables S11
and S12): low contents of the second component (molar
fractions below ∼0.2) induce a small increase in the anti
conformer proportion, recovering the value of the ﬁrst pure
alcohol for a molar fraction of ∼0.8 of the second component.
5. CONCLUSIONS
From the combined analysis of thermodynamic results, infrared
spectra, and molecular dynamics simulations of binary mixtures
of ﬂuorinated and nonﬂuorinated alcohols, it was possible to
propose a liquid structure that takes into account the
intermolecular hydrogen bonds and the chain conformations.
The speciﬁc interactions in these binary mixtures are very
diﬀerent from those within the pure components and between
two hydrogenated alcohols. The role of ﬂuorine is fundamental.
The systems display a complex behavior when compared
with mixtures of hydrogenated alcohols and mixtures of alkanes
and perﬂuoroalkanes. The excess volumes are large and positive
(unlike those of mixtures of hydrogenated alcohols), whereas
the excess enthalpies range from large and negative to large and
positive. This seems to result from a balance between
preferential hydrogen bonding between the hydrogenated and
ﬂuorinated alcohols and unfavorable dispersion forces between
hydrogenated and ﬂuorinated groups. As chain length increases,
the contribution of dispersion increases and overcomes the
contribution of H-bonds.
EtOH, in the presence of ﬂuorinated alcohols, shifts the
conformational equilibrium at the C−O−H group toward the
anti-conformer. The hydrogen bonds involving the OH group
become stronger and more diverse. This eﬀect is very strong,
even for diluted mixtures in ﬂuorinated alcohol. BuOH shows a
similar tendency when the ﬂuorinated alcohol is small but is not
very aﬀected by a longer ﬂuorinated chain. These interactions
between diﬀerent alcohols involve the CF3 groups when the
ﬂuorinated alcohol is TFE but much less when the ﬂuorinated
chain is longer, suggesting the possibility of segregation
between the hydrogenated and ﬂuorinated segments, a
hypothesis corroborated by the simulations.
More interestingly, the infrared spectra reveal that the
presence of ﬂuorinated components induces conformational
changes in the hydrogenated chain of BuOH from the usually
preferred all-trans to more globular arrangements involving
gauche conformations, more markedly when the molecule is
smaller (TFE). The longer-chained alcohols appear to space
out. These observations are consistent with the simulation
results.
■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpcb.6b04297.
Full infrared spectra, band assignments, and deconvolu-
tion analysis for the pure alcohols (EtOH, BuOH, TFE,
HFB) and binary mixtures (PDF)
■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: lilharco@tecnico.ulisboa.pt. Tel.: +351 218 419 220
(L.M.I.).
*E-mail: eﬁlipe@tecnico.ulisboa.pt. Tel.: +351 218 419 261
(E.J.M.F.).
Notes
The authors declare no competing ﬁnancial interest.
■ ACKNOWLEDGMENTS
We would like to thank Profs. Fernando Fernandes and Jose ́
Nuno Canongia Lopes for the generous lending of computer
resources. This work was supported by Fundaca̧õ para a
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Fundaca̧õ para a Cien̂cia e a Tecnologia, grant SFRH/BPD/
81748/2011.
■ REFERENCES
(1) Song, W.; Rossky, P. J.; Maroncelli, M. Modeling Alkane +
perfluoroalkane Interactions Using All-Atom Potentials: Failure of the
Usual Combining Rules. J. Chem. Phys. 2003, 119, 9145−9162.
(2) Duce, C.; Tine,̀ M. R.; Lepori, L.; Matteoli, E. VLE and LLE of
Perfluoroalkane + Alkane Mixtures. Fluid Phase Equilib. 2002, 199,
197−212.
(3) Morgado, P.; Zhao, H.; Blas, F. J.; McCabe, C.; Rebelo, L. P. N.;
Filipe, E. J. M. Liquid Phase Behavior of Perfluoroalkylalkane
Surfactants. J. Phys. Chem. B 2007, 111, 2856−2863.
(4) Morgado, P.; Lewis, J. B.; Laginhas, C. M. C.; Martins, L. F. G.;
McCabe, C.; Blas, F. J.; Filipe, E. J. M. Systems Involving
Hydrogenated and Fluorinated Chains: Volumetric Properties of
Perfluoroalkanes and Perfluoroalkylalkane Surfactants. J. Phys. Chem. B
2011, 115, 15013−15023.
(5) Morgado, P.; Laginhas, C. M. C.; Lewis, J. B.; McCabe, C.;
Martins, L. F. G.; Filipe, E. J. M. Viscosity of Liquid Perfluoroalkanes
and Perfluoroalkylalkane Surfactants. J. Phys. Chem. B 2011, 115,
9130−9139.
(6) Morgado, P. Semiﬂuorinated Alkanes: Structure − Properties
Relations. Ph.D. Thesis, Instituto Superior Tećnico, Lisboa, 2011.
(7) Turberg, M. P.; Brady, J. E. Semifluorinated Hydrocarbons −
Primitive Surfactant Molecules. J. Am. Chem. Soc. 1988, 110, 7797−
7801.
(8) Binks, B. P.; Fletcher, P. D. I.; Kotsev, S. N.; Thompson, R. L.
Adsorption and Aggregation of Semifluorinated Alkanes in Binary and
Ternary Mixtures with Hydrocarbon and Fluorocarbon Solvents.
Langmuir 1997, 13, 6669−6682.
(9) Mahler, W.; Guillon, D.; Skoulios, A. Smectic Liquid-crystal from
(Perfluorodecyl)decane. Mol. Cryst. Liq. Cryst. Lett. 1985, 2, 111−119.
(10) Viney, C.; Russell, T. P.; Depero, L. E.; Twieg, R. J. Transitions
to Liquid-crystalline Phases in a Semifluorinated Alkane. Mol. Cryst.
Liq. Cryst. 1989, 168, 63−82.
(11) Viney, C.; Twieg, R. J.; Russell, T. P.; Depero, L. E. The
Structural Basis of Transitions between Highly Ordered Smectic
Phases in Semifluorinated Alkanes. Liq. Cryst. 1989, 5, 1783−1788.
(12) Duarte, P.; Silva, M.; Rodrigues, D.; Morgado, P.; Martins, L. F.
G.; Filipe, E. J. M. Liquid Mixtures Involving Hydrogenated and
Fluorinated Chains: (p, P, T, X) Surface of (Ethanol + 2,2,2-
Trifluoroethanol), Experimental and Simulation. J. Phys. Chem. B
2013, 117, 9709−9717.
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